BACKGROUND AND PURPOSE-Site-specific degeneration patterns of the infratentorial brain in relation to phylogenetic origins may relate to symptoms in patients with spinocerebellar degeneration, but the patterns are still unclear. We investigated macro-and microstructural changes of the infratentorial brain based on phylogenetic origins and their correlation with symptoms in patients with spinocerebellar ataxia type 6.
Spinocerebellar ataxia type six (SCA6) is a rare, late-onset, autosomal dominant disease. SCA6 is associated with a genetic defect (CAG repeat expansion) in the gene encoding for a subunit of a voltage-gated calcium channel, which is associated with neuronal loss mainly in Purkinje cells in the cerebellar cortex. 1 SCA6 is not fatal, but the accompanying cerebellar dysfunction is permanent and progressive. 2 Cerebellar atrophy is a characteristic imaging feature, and mild atrophy of the brain stem and subtle atrophy of the thalamus or the cerebral cortex can occur. 3, 4 Although the definite diagnosis of SCA6 is made by genetic examination, MR imaging can narrow the differential diagnosis of neurodegenerative diseases that can cause ataxia. MR imaging helps select the candidates for genetic examination. 5 Degeneration patterns of the infratentorial brain are the key to differentiating SCA6 from other neurodegenerative diseases presenting with ataxia, and cerebellar degeneration is a characteristic imaging feature in patients with SCA6. However, few studies 6, 7 have investigated site-specific degeneration patterns of the infratentorial brain, and their segmentations were not easy to assess clinically. Moreover, correlations between site-specific degeneration patterns and clinical symptoms require further characterization.
The cerebellum has 3 regions derived from different phylogenetic origins (the archicerebellum, the paleocerebellum, and the neocerebellum) [8] [9] [10] that form distinct neural pathways between the cerebellum and other regions of the brain. These 3 regions are believed to have different functions. 9, 11, 12 It is of great interest to know how the cerebellar macro-and microstructural changes in each phylogenetic region manifest as symptoms in patients with SCA6.
Thus, in the present study, we investigated changes of both volume and diffusion metrics: mean diffusivity (MD) and fractional anisotropy (FA) obtained with DTI. Changes of diffusion metrics have been reported in other types of spinocerebellar ataxia and in multiple system atrophy. 13, 14 There are few DTI studies of patients with SCA6, 15, 16 and they investigated only part of the cerebellum or the cerebellar peduncles with manual methods.
We hypothesized that clinical symptoms in patients with SCA6 are correlated with macroand microstructural changes depending on the phylogenetic origins of the cerebellum. The purposes of this study were to investigate these correlations and to identify the site-specific degeneration patterns of the infratentorial brain that are also clinically assessable in patients with SCA6. To our knowledge, this is the first MR imaging study combining volumetric and DTI analyses based on phylogenetic regions.
MATERIALS AND METHODS

Subjects
This study was approved by our institutional review board and complied with the Health Insurance Portability and Accountability Act. Written informed consent was obtained from all participants. We acquired MR images of the brain in 9 patients with SCA6 (5 women and 4 men; mean age, 57.9 ± 7.25 years) and 9 age-matched healthy controls (5 women and 4 men; mean age, 58.8 ± 7.51 years) obtained between August 2005 and September 2009 from the Johns Hopkins University School of Medicine, and the images were retrospectively analyzed.
Clinical Evaluation
All participants completed a medical questionnaire, and the possibility of secondary ataxia was excluded. Symptoms were assessed with the International Cooperative Ataxia Rating Scale (ICARS). 17 ICARS scores have a maximum of 100 points as the total of 4 subscores: the static score, limb score, dysarthria score, and oculomotor score.
The neurologic examinations of all of patients and controls were performed by a neurologist (S.H.Y.) at the departments of radiology, neurology, and ophthalmology at the Johns Hopkins University School of Medicine. The neurologist had >10 years of experience in the design and measurement of quantitative neurologic assessments and was blinded to the MR imaging results.
Data Acquisition
Brain imaging was performed with a 3T MR imaging scanner (Intera; Philips Healthcare, Best, the Netherlands). An axial single-shot spin-echo echo-planar imaging sequence was used for the DTI. The parameters used were as follows: TR/TE, 6491/69 ms; b-value, 700 s/mm 2 ; diffusion-encoding gradients, 30 directions; 18 number of signals acquired, 2; FOV, 212 × 212 mm; matrix size, 256 × 256 mm; intersection gap, 0 mm; section thickness, 2.2 mm; section number, 65. EPI with no diffusion weighting (b = 0 s/mm 2 ) was performed for use in spatial normalization.
3D-magnetization prepared rapid acquisition of gradient echo images and T2WI were acquired. T2WI was used to exclude other brain diseases. The MPRAGE parameters were as follows: TR/TE, 10.33/6 ms; FOV, 212 × 212 mm; matrix size, 256 × 256 mm; intersection gap, 0 mm; section thickness, 1.1 mm; section number, 65. The T2WI parameters were the same as those for MPRAGE except for the following: TR/TE1/TE2, 3465/28.2/80.0 ms; section thickness, 1.5 mm.
Registration and Normalization
We used a single-subject template, the Johns Hopkins University-Montreal Neurological Institute template, which was normalized to Montreal Neurological Institute space. 19, 20 Each participant's MPRAGE and DTI (FA, trace) images were skull-stripped by using statistical parametric mapping followed by manual delineation and were normalized to the templates by using a 9-parameter linear algorithm 21 and large deformation diffeomorphic metric mapping (LDDMM) (http://www.birncommunity.org/tools-catalog/large-deformationdiffeomorphic-metric-mappinglddmm/). 22, 23 Using the deformation fields from LDDMM and the inverse linear matrix, we then warped our parcellation map (ie, Johns Hopkins University-Montreal Neurological Institute-based parcellation map) from the template to each subject's space. The details of the LDDMM operation are described elsewhere. 20, 24 All image transformation was achieved with the software DiffeoMap (https:// www.mristudio.org/).
Creation of the Infratentorial Parcellation Map
We modified the Johns Hopkins University-Montreal Neurological Institute-based parcellation map in which the original left and right cerebellum were manually parcellated, and we divided the cerebellum into 12 subdivisions to create the infratentorial parcellation map as shown in Fig 1. The vermis was separated from the hemispheres by its elevated edge and was subdivided into the anterior and the posterior vermis by the primary fissure. The left and right hemispheres were subdivided into the anterior and posterior lobes by the primary fissure. The tonsils were separated from the hemispheres by the secondary fissure.
The flocculonodular lobes were separated from the hemispheres and the tonsils by the posterolateral fissure. The deep structures were separated on the basis of the T1-weighted contrast of the Johns Hopkins University-Montreal Neurological Institute atlas. These included the white matter and the 3 nuclei (dentate, interpositus, and fastigial) of the corpus medullare with the exclusion of the middle cerebellar peduncle (MCP). We divided the brain stem into 6 subdivisions; the midbrain, the pons, the medulla, the superior cerebellar peduncle (SCP), the MCP, and the inferior cerebellar peduncle (ICP) following the original Johns Hopkins University-Montreal Neurological Institute-based parcellation map. In total, the infratentorial parcellation map had 18 subdivisions.
Atlas-Based Analysis
We conducted an atlas-based analysis by using the infratentorial parcellation map. We measured the volume, MD, and FA of each subdivision and determined the correlation of each with the ICARS in each subdivision. Volume was evaluated as fractional volume (ie, the volume in each subdivision divided by the intracranial volume of each subject).We also calculated the percentage changes in the fractional volume, MD, and FA compared with controls by dividing each patient's data by the average of the controls' data in each subdivision.
CSF spaces were excluded by a signal-intensity threshold at 25 on MPRAGE images and by an MD threshold at 0.0023mm 2 /s on DTI (0.007 mm 2 /s on trace images). We investigated the correlation of fractional volume and MD in each subdivision to determine the partial volume effects of CSF due to atrophy on the results of MD.
Statistics
Statistical analyses were performed with the software SPSS, Version 13.0 (IBM, Armonk, New York). Comparisons of the patient and control groups were performed by using an independent-samples t test after confirming normal distribution of the data by KolmogorovSmirnov testing. The Mann-Whitney U test was used for the subdivisions in which the values were not normally distributed. Correlations between the data and the ICARS scores were assessed by using a Spearman correlation analysis. We conducted a multiple linear regression analysis with age effects as a covariant in the subdivisions in which the data were significantly correlated with age. A Bonferroni correction was adopted when the number of groups was <5, and the false discovery rate correction was adopted when the number of groups was >5. 
RESULTS
Whole Brain and the ICARS
We first analyzed the data in 3 regions of the brain: the cerebrum, the cerebellum, and the brain stem. Among these, only the cerebellum showed a significant decrease in fractional volume and a significant increase in MD in the patients with SCA6 compared with the controls (P < .0001). The FA did not show any significant differences. The fractional volume in both the cerebellum and the brain stem showed significant correlations with the ICARS total score (P < .05, r = −0.80, −0.77). FA showed neither significant changes nor significant correlations.
Infratentorial Subdivisions and the ICARS
We next investigated changes of the data in the infratentorial subdivisions (Fig 2) and the correlations with the ICARS scores (Table) . In the cerebellum, all subdivisions showed significant decreases of fractional volume (P < .0001 to <.01) and increases of MD (P < . 0001 to <.001) in patients with SCA6 compared with controls. FA showed significant decreases only in the bilateral posterior lobes and the right tonsil (P < .01 to <.05). The strongest correlation with the ICARS total score was seen in the fractional volume in the right deep structure (P < .01, r = −0.87) and the MD in the left posterior lobe (P < .01, r = 0.87).
Among the ICARS subscores, the static and dysarthria scores showed significant correlations mainly in old regions, including the archicerebellum and the spinocerebellum (P < .001 to <.05, r = −.92 to 0.85). The limb score showed significant correlations mainly in the neocerebellum and the right deep structure (P < .05, r = −0.74 to 0.73). The strongest correlation with ICARS subscores was the static score and the fractional volume in the right flocculonodular lobe (P < .01, r = −0.92). FA showed a significant correlation only with the limb score in the left posterior lobe and in the posterior vermis (P < .05, r = −0.73). In the brain stem, the fractional volume was significantly decreased in all of the cerebellar peduncles (P < .01 to <.05). MD was significantly increased in the SCP and the MCP (P < . 0001 to <.05). A significant increase of FA was seen in the MCP (P < .05). The ICARS total score was significantly correlated with the fractional volume in the midbrain (P < .05, r = −0.77), and the ICARS static score was significantly correlated with the SCP (P < .05, r = −0.71).
Percentage Changes of the Data
Percentage changes of the data in the patients with SCA6 compared with the controls are shown in Fig 3. This procedure clarified the difference in the results that depended on subdivisions by excluding the effects of the volume difference of each subdivision on the results of fractional volume.
Atrophy of the bilateral anterior lobes was the most prominent, followed by atrophy of the flocculonodular lobes and the posterior vermis. MD showed the largest increase in the posterior vermis. In terms of phylogenetic origins, atrophy was seen mainly in old regions, and increased MD was seen mainly in new regions. FA decreased or increased depending on the subdivisions, and these changes were <25%. The correlations between the percentage changes and ICARS scores were indistinguishable from the correlations between the raw data and ICARS scores.
Correlations between Fractional Volume and MD
To examine the partial volume effects, we investigated the correlations between the fractional volume and MD of each infratentorial subdivision. No significant correlation was seen except in the left posterior lobe in the controls (P < .05, r = −0.74).
DISCUSSION
The localization of cerebellar functions has been under debate for more than a century. 25 Although much of the cerebellar topography is still unmapped, it is known that phylogenetically, the cerebellum has 3 origins: the archicerebellum, the paleocerebellum, and the neocerebellum. 8, 9, 12 The archicerebellum corresponds to the flocculonodular lobes and may include the tonsils as well. The archicerebellum is also referred to as the "vestibulocerebellum" because it is connected to the vestibular nuclei, which maintain equilibrium and eye-movement control. The paleocerebellum includes the vermis and the hemispheres near the midline or anterior region, and it is also called the "spinocerebellum" because of its spinal connections, which receive somatosensory information and control posture/gait and muscle tone. The neocerebellum is the lateral part of the hemispheres, with principally corticopontocerebellar connections. It is also called the "cerebrocerebellum" and is related to the planning of movements and speech.
The LDDMM used in this study enabled us to transform subject images to template images with high accuracy by using a single normalized subject (Johns Hopkins UniversityMontreal Neurological Institute template). 20, 22, 23 With LDDMM, we analyzed the subjects' brain images on the basis of anatomic units, and automated segmentation was possible on all subjects' images (atlas-based analysis). 24, 26 Our results confirmed the significant correlation of fractional volume in both the cerebellum and the brain stem with the symptoms of patients with SCA6 (Table) . MD was recognized as another parameter to detect cerebellar degeneration. Although it has been reported that cerebral degeneration can occur in patients with SCA6, 11, 27 this finding was not demonstrated in our study.
Our detailed investigation of the cerebellum revealed a significant decrease of fractional volume and a significant increase of MD in all subdivisions in the cerebellum in the patients with SCA6 (Fig 2) . Further analysis of the percentage changes excluded the effects of volume differences among the subdivisions, and in turn, the atrophy of small subdivisions became apparent (Fig 3) . This procedure excluded unknown factors that could affect the correlation between the ICARS scores and the data, as well as age. The fractional volume was decreased mainly in phylogenetically older regions of the cerebellum, including the archicerebellum and the paleocerebellum. The largest atrophy was seen in the bilateral anterior lobes of the paleocerebellum, followed by atrophy of the posterior vermis and the bilateral flocculonodular lobes. These new findings have not been made clear in previous Author Manuscript studies. Pathologically, the most prominent degeneration was reported in the archicerebellum, and the resultant vertigo is a characteristic feature in patients with SCA6. 11 Contrary to fractional volume, a large increase of MD was seen mainly in new regions of the cerebellum, including the paleocerebellum and the neocerebellum (Fig 3) . These regions include the cerebellar cortex. MD represents the degree of diffusion independent of the orientation of the tissue. 28, 29 The increase of MD in new regions may thus be related to degeneration of the cerebellar cortex, but the correct interpretation of the results has not yet been established. MD often increases due to partial volume effects-that is, the contamination of CSF. 30 However, we observed no significant correlation between fractional volume and MD in most subdivisions. In addition, the MD was increased in the deep structures in which partial volume effects should be absent or subtle. These findings suggest that MD reflects other phenomena, not only partial volume effects.
In the brain stem, all the cerebellar peduncles showed significant decreases of fractional volume. MD was significantly increased in the SCP and the MCP. FA was also increased in the MCP. The percentage changes were similar.
Several studies have investigated changes of volume in the brain stem, 3,6 but they did not separate the cerebellar peduncles from the brain stem, or they investigated only the cerebellar peduncles by using manually placed regions of interest. 15 The cerebellar peduncles are neural pathways connecting the cerebellum and the brain stem or the cerebrum, which in turn make the circuits in the cerebellum to control movement. 8, 9 DTI enabled us to separate the cerebellar peduncles from the brain stem, and it was revealed that the reported atrophy of the brain stem in patients with SCA6 may be due to atrophy of the cerebellar peduncles.
When Purkinje cells are damaged, inhibitory effects by their efferent fibers would be affected. 31 This result explains the decrease of fractional volume and increased MD in the SCP in patients with SCA6 in the present study because the SCP is the main efferent pathway from the cerebellum. The cerebellar cortex receives afferent fibers mainly from the midbrain and the medulla via the MCP and the ICP. Afferent fibers might be also affected because atrophy or increased MD were seen in the MCP and the ICP.
A decrease in FA was seen only in limited subdivisions (Fig 2C) . Increased FA was seen in the MCP. FA was increased in the brain stem and in the deep structures, too. In patients with SCA6, the main affected region is the cerebellar cortex. 32, 33 The utility of FA as a parameter is unclear without direct white matter damage, though subsequent white matter degeneration can occur. Takahashi et al 34 reported that folial white matter degeneration secondary to cortical degeneration was observed in patients with SCA6, but deep white matter was preserved. In general, it is difficult to detect the changes of FA in the cortex due to its isotropic feature. 35, 36 The cerebellum has a complex network, 8 which indicates that it has isotropic features. As a certain fiber in a subdivision in the cerebellum degenerates, FA in the subdivision can increase because of more unified fiber orientations. Changes of FA are likely to be subtle in chronic lesions compared with acute lesions due to the recovery of FA. 37, 38 These reasons might explain the unexpected changes of FA in our results.
Similar to the percentage changes, some ICARS scores were well-correlated with the fractional volume mainly in older regions and with MD mainly in newer regions (Table) . Reflecting this tendency, the ICARS total score showed strong correlations in fractional volume in the bilateral deep structures and the right flocculonodular lobe and in MD in the bilateral posterior lobes (r = 0.73 to ±0.87). Strong correlations in fractional volume in the bilateral deep structures are understandable because most infratentorial fibers pass through the corpus medullare. Atrophy of the deep structures has not been well-studied, but in the present study, it was nearly 30% compared with that in controls. Analogously, in the brain stem, the midbrain showed a significant correlation with the ICARS total score.
The ICARS static score showed significant correlations in the archicerebellum and paleocerebellum. The right flocculonodular lobe in particular showed a very strong correlation with fractional volume (r = −0.92). The flocculonodular lobes receive fibers from the vestibular nuclei and play an important role in balance. 10, 11 Our results were consistent with this feature. A correlation between the ICARS static score and fractional volume was also seen in the SCP. The SCP is the main path of the efferent fibers from the cerebellum, and our results confirmed its importance.
The ICARS limb score showed significant correlations in the neocerebellum and the right deep structure because both are related to limb function. 9 It is known that the cerebellar nuclei in the deep structures are also related to limb movement.
The ICARS dysarthria score showed significant correlations in the archicerebellum and in the left cerebellar hemisphere. It is known that development of language in the brain is asymmetric and that lesions of the superior paravermal region are commonly associated with dysarthria, 9 and our results are consistent with this description. The correlation that we observed between the dysarthria score and the archicerebellum is a new finding.
There were some limitations in this study. First, the number of subjects was small. SCA6 is rare, but studies of larger numbers of subjects would add credibility to the present findings. Characteristic site-specific degeneration patterns in patients with SCA6 could be useful for differential diagnoses, but comparisons with patients with multiple system atrophy, other types of SCA, or secondary ataxia are necessary.
CONCLUSIONS
We found characteristic macro-and microstructural changes depending on phylogenetic regions of the infratentorial brain that strongly correlated with clinical symptoms in patients with SCA6. Infratentorial parcellation map. The cerebellum is divided into 12 subdivisions, and the brain stem, into 6 subdivisions.
FIG 2.
Comparison of the data in each cerebellar subdivision between patients with SCA6 and controls. Independent samples t tests were performed with false discovery rate correction applied to P < .05. Ant. indicates anterior; post., posterior. 
